Inositol polyphosphate multikinase (IPMK) is a notably pleiotropic protein. It displays both inositol phosphate kinase and phosphatidylinositol kinase catalytic activities. Noncatalytically, IPMK stabilizes the mammalian target of rapamycin complex 1 and acts as a transcriptional coactivator for CREB-binding protein/E1A binding protein p300 and tumor suppressor protein p53. Serum response factor (SRF) is a major transcription factor for a wide range of immediate early genes. We report that IPMK, in a noncatalytic role, is a transcriptional coactivator for SRF mediating the transcription of immediate early genes. Stimulation by serum of many immediate early genes is greatly reduced by IPMK deletion. IPMK stimulates expression of these genes, an influence also displayed by catalytically inactive IPMK. IPMK acts by binding directly to SRF and thereby enhancing interactions of SRF with the serum response element of diverse genes.
Inositol polyphosphate multikinase (IPMK) is a notably pleiotropic protein. It displays both inositol phosphate kinase and phosphatidylinositol kinase catalytic activities. Noncatalytically, IPMK stabilizes the mammalian target of rapamycin complex 1 and acts as a transcriptional coactivator for CREB-binding protein/E1A binding protein p300 and tumor suppressor protein p53. Serum response factor (SRF) is a major transcription factor for a wide range of immediate early genes. We report that IPMK, in a noncatalytic role, is a transcriptional coactivator for SRF mediating the transcription of immediate early genes. Stimulation by serum of many immediate early genes is greatly reduced by IPMK deletion. IPMK stimulates expression of these genes, an influence also displayed by catalytically inactive IPMK. IPMK acts by binding directly to SRF and thereby enhancing interactions of SRF with the serum response element of diverse genes. I nositol polyphosphate multikinase (IPMK) is one of a family of inositol phosphate kinases that generate inositol polyphosphates (1) (2) (3) . IPMK appears to be a rate-limiting enzyme in the generation of inositol 1,4,5,6-tetrakisphosphate (IP4) and subsequently inositol 1,3,4,5,6-pentakisphosphate (IP5), which in turn is a requisite precursor for the energetic inositol pyrophosphates such as diphosphoinositol pentakisphosphate (PP-IP5, IP7). Additionally, IPMK is a physiologic PI3-kinase that contributes to activation of the Akt signaling pathway (4, 5) . Recently, IPMK has been shown to play physiologic roles independent of its catalytic activity. Thus, IPMK stabilizes the mammalian target of rapamycin complex 1 (mTORC1), thereby regulating protein translation (6) .
Since its first discovery in yeast, there has been evidence that IPMK can influence gene transcription. IPMK was identified in yeast as Arg82, a gene required for the regulation of arginine metabolism (3, (7) (8) (9) . In this process, Arg82 interfaces with the yeast transcription factor MCM1, a yeast homolog of the mammalian serum response factor (SRF) (10) (11) (12) (13) . Catalytic activity of IPMK is not required for this function. More recently, evidence has been provided for IPMK acting noncatalytically as a transcriptional coactivator for p53, mediating its proapoptotic influences (14, 15) . Also, IPMK binds CBP/p300, enhancing its transcriptional coactivation of CREB regulated genes involved in memory (16) . In the present study, we report that IPMK is a physiologic coactivator for the transcriptional activities of SRF, thereby regulating the induction of families of immediate early genes.
Results

IPMK Is
Required for Serum-Mediated Gene Activation. The finding that IPMK is a transcriptional coactivator for p53 prompted us to consider the possibility that it regulates activation of other gene families. Because yeast IPMK regulates a homolog of SRF (10), we explored a possible role for IPMK in influencing gene transcription elicited by serum via SRF.
We monitored expression of RNA for a wide range of genes in a microarray analysis in wild-type and IPMK-deleted mouse embryonic fibroblasts (MEFs) in the presence of serum ( Fig. 1 and Fig. S1A ). Over 1,400 genes are down-regulated by IPMK deletion whereas 767 are up-regulated. Among the down-regulated genes are a substantial number of immediate early genes that contain serum response element (SRE) in their promoters and are well-known as SRF targets (Fig. 1A) . We examined in greater detail the disposition of c-fos and c-jun, whose mRNA and protein levels are markedly stimulated by serum, with stimulation greatly diminished by IPMK deletion ( Fig. 1 B and C) . These effects do not reflect influences on SRF protein levels, which are not altered with IPMK deletion (Fig. S1B) .
Serum treatment leads to the activation of various transcription factors, in particular, SRF and cAMP response element binding protein (CREB) (17, 18) . Both of these transcription factors have been shown to induce the expression of immediate early genes. CREB does not appear to be primarily responsible for immediate early gene induction in our experiments. Thus, cyr61, which is up-regulated by SRF (19) but down-regulated by CREB (20) , is markedly stimulated by serum in an IPMKdependent fashion (Fig. 1A and Fig. S2A ). These effects are not associated with changes in cell survival as cell viability is not altered in IPMK-deleted preparations (Fig. S3A ).
Significance
The inositol polyphosphate system is a major intracellular signaling modality. Inositol polyphosphate multikinase (IPMK) is essential for this system, converting inositol 1,4,5-trisphosphate (IP3) to IP4 and IP4 to IP5. IPMK also is a physiologic PI3-kinase. In a noncatalytic manner, IPMK stabilizes the mammalian target of rapamycin (mTOR) complex as well as tumor suppressor protein p53 and CREB-binding protein (CBP)/E1A binding protein p300. We now demonstrate that IPMK is a transcriptional coactivator for serum response factor (SRF) signaling, which is markedly reduced in IPMK-deleted mice and augmented by IPMK overexpression. IPMK binds directly to SRF, facilitating its interaction with serum response elements of multiple immediate early genes. Agents influencing IPMK interactions with SRF may be useful in regulating the SRF signaling system.
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The authors declare no conflict of interest. Mutation of lysine-129 to alanine inactivates IPMK's catalytic activity (5) . To further explore the role of catalytic activity of IPMK in the regulation of SRF/SRE targets, we overexpressed IPMK wild-type and catalytically inactive proteins in IPMKdeleted MEFs. Overexpression of either wild-type or catalytically inactive IPMK in IPMK-deleted MEFs markedly enhances levels of c-fos and c-jun mRNA upon serum treatment (Fig. 1D) . The catalytically inactive IPMK is as effective as wild-type, suggesting that the gene-regulatory influences of IPMK are independent of catalytic activity. We explored whether IPMK enhances the expression of immediate early genes by regulating the serum response element (SRE) of their promoters. We examined the influence of serum on SRE reporter construct activity in HEK293 cells overexpressing IPMK (Fig. 1E) . Serum markedly enhances promoter activity, and overexpression of wild-type IPMK provides further augmentation. Catalytically inactive IPMK mutant also stimulates SRE promoter activity as effectively as the wild-type enzyme, confirming that the transcription regulation of IPMK is independent of catalytic activity. We sought mechanisms whereby IPMK regulates the influence of serum on immediate early genes. Transcriptional activation of immediate early genes in response to serum requires the presence of the Ternary Complex Factor (TCF) and SRF at the SRE (17, 18, (21) (22) (23) (24) . The Ras/MEK/ERK pathway induces phosphorylation of Elk-1, a component of TCF, leading to potentiation of transcriptional activation (25, 26) . We investigated whether IPMK deletion influences the ERK-mediated phosphorylation of Elk-1 by examining levels of phospho-ERK and phospho-Elk-1 in wild-type and IPMK-deleted MEFs. Phospho-ERK and phospho-Elk-1 levels are not altered by IPMK deletion ( Fig. 2A and Fig. S4 ).
We explored the possibility that IPMK acts as a regulator of SRF by examining the binding of SRF to SRE in IPMK-deleted preparations. Using ChIP assay, we monitored the binding of SRF to c-fos SRE in wild-type and IPMK-deleted MEFs (Fig.  2B ). Binding in IPMK-deleted MEFs is substantially less than in wild-type preparations. To ensure the specificity of the ChIP procedure, we examined the p21 promoter DNA sequence as a non-SRE DNA control and observed no background signal (Fig. 2B ). Specificity is further endured by the failure of IPMK deletion to affect SP1 function (Fig. S5) .
To ascertain whether the actions of SRF are dependent upon IPMK in intact organisms, we constructed IPMK knockout mice in which the IPMK gene is selectively deleted in excitatory neurons of the forebrain using a CaM kinase IIα-Cre construct (Fig. S6A ). We used this selective deletion of IPMK because total deletion of IPMK is embryonic lethal (27) . In the mutant mice, IPMK is undetectable in forebrain regions such as the hippocampus and cerebral cortex, but not in cerebellum, which is derived from the hindbrain (Fig. S6B) . In cerebral cortical tissues, we monitored recruitment of SRF to the c-fos SRE (Fig.  2C) . Interactions of SRF with SRE are reduced more than 50% in brains of the IPMK mutants.
If IPMK acts as a transcriptional coactivator with SRF, then one would anticipate recruitment of IPMK to SRE of immediate early genes. Thus, ChIP analysis using the SRE of the c-fos gene reveals robust binding of overexpressed IPMK to SRE (Fig. 2D) .
In summary, IPMK appears to regulate SRF actions by influencing its binding to the SRE of target genes. These actions of IPMK are independent of its catalytic activity, reminiscent of the catalytically independent regulation of p53 by IPMK (14) .
Binding of IPMK to SRF Mediates Immediate Early Gene Regulation.
We explored mechanisms whereby IPMK modulates the SRF binding to SRE of immediate early genes. Recruitment of IPMK or the catalytically inactive, mutant K129A IPMK (KA), followed by immunoblotting. (E) SRE reporter activity along with empty vector, WT-IPMK, or catalytically inactive, mutant K129A IPMK (KA) expression plasmids in transiently transfected HEK293 cells. At 36 h posttransfection, cells were incubated in serumfree DMEM overnight followed by 10% FBS treatment for 6 h. Constitutively expressing Renilla luciferase was used as an internal control for normalizing transfection efficiency. The results are presented as relative luciferase activities compared with the activity after coexpression of empty vector in serumtreated condition, which was set as 100%. Bars represent mean ± SE (B and D) or ± SD (C and E) (n = 3-5). *P < 0.05; **P < 0.01; NS, not significant.
to the SRE of the c-fos gene despite its lack of a DNA binding domain raised the possibility that IPMK binds to SRF and is thereby recruited to the regulatory elements of SRF target genes. GST-labeled IPMK binds robustly to endogenous SRF (Fig. 3A) . The physiologic relevance of this binding is evident in the avid binding of endogenous SRF and IPMK (Fig. 3B) . Binding between IPMK and SRF does not appear to be regulated by the levels of serum in culture media (Fig. 3 C and D) .
The striking influences of IPMK upon serum activation of immediate early genes and the interaction of IPMK with SRF imply that regulation of these genes is dependent upon IPMK-SRF associations. However, immediate early genes are also regulated by influences of various other factors on SRF. To investigate the importance of IPMK-SRF binding for gene regulation, we mapped SRF binding sites on IPMK and developed a dominant-negative construct to prevent such binding. The mapping analysis reveals that IPMK-SRF binding is largely determined by exons 3, 4, and 6 of IPMK (Fig. 3F) . We constructed a dominant-negative structure comprising amino acids 93-182 of IPMK, which we designate the SRF binding domain (SRF-BD). In HEK293 cells, overexpression of SRF-BD significantly diminishes serum-elicited induction of c-fos, c-jun, and cyr61 RNA (Fig.  4A and Fig. S2B) and protein (Fig. 4B) . This action of SRF-BD is specific as overexpression of exon1 of IPMK fails to alter serum stimulation of c-fos, c-jun, and cyr61 mRNA (Fig. S7A) or protein levels of c-Fos and c-Jun (Fig. S7B) . Moreover, SRF-BD does not alter cell viability (Fig. S3B) . We mapped SRF for areas mediating binding to IPMK (Fig. S8) . The DNA binding domain of SRF (the MADS domain) appears to be a principal determinant of IPMK binding (Fig. S8) . Addition of a partial MADS sequence (amino acids 180-205) to the C-terminal portion of SRF enhances its binding to IPMK (Fig. S8 ). Our experiments have indicated that IPMK and SRF bind together. If this binding is physiologically relevant, then displacement of endogenous IPMK from SRF should disrupt signaling to SRE. Accordingly, we monitored influences of SRF-BD upon SRF interactions with c-fos SRE in ChIP assays (Fig. 4C) . SRF-BD significantly diminishes SRF-SRE interactions, indicating that endogenous IPMK participates with SRF in binding SRE.
Discussion
In the present study, we demonstrate that IPMK is a transcriptional coactivator for SRF and thereby regulates a wide range of immediate early genes whose expression is drastically reduced in IPMK-deleted preparations. IPMK acts by binding to SRF and enhancing its interactions with SRE. The regulation by IPMK of SRF targets is determined by IPMK-SRF binding, as dominantnegative constructs of IPMK block IPMK-SRF binding and prevent immediate early gene induction. The in vivo importance of these findings is highlighted by the diminution of immediate early gene activation in the brains of IPMK-deleted mice.
CREB is another well-characterized transcription factor that augments the induction of immediate early genes (28) (29) (30) (31) (32) (33) . However, there are distinctions between influences of IPMK upon CREB and SRF. For instance, cyr61, which is down-regulated by CREB, is induced by serum via SRF in an IPMK-dependent fashion. CREB and SRF can also be discriminated in terms of signaling systems that influence their disposition. For instance, CREB is classically activated by cAMP as well as cGMP (34) (35) (36) (37) (38) (39) (40) whereas SRF is inhibited by cGMP (41, 42) .
Besides impacting SRF, IPMK displays fairly direct regulatory influences on at least two other transcription regulators, and, as with SRF, these actions do not require IPMK catalytic activity. Thus, IPMK binds directly to p53, serving as a transcriptional coactivator (14) . In this instance, IPMK noncatalytically enhances the transcription of genes that mediate the p53 cell death program. IPMK also binds CBP/p300, a transcriptional coactivator of CREB, and noncatalytically augments the readout of CREB-regulated genes (16) . Different conformations of IPMK might mediate these diverse binding events. Thus, mapping studies indicate that the middle portion of IPMK interacts with SRF (amino acids 93-182) and p53 (amino acids 125-184) (14) . By contrast, the N-terminal 75 amino acids of IPMK are responsible for binding to CBP (16) . Factors determining the dynamics of IPMK binding differentially to these three proteins are unclear. Conceivably, modifications of IPMK, such as phosphorylation, influence binding to one or the other of them.
SRF is generally regarded as a relatively weak transcription factor. However, its actions are enhanced substantially by a number of coactivators besides IPMK (21, (43) (44) (45) (46) (47) . Most of these are recruited to regulatory elements in genes adjacent to binding sites for SRF (43) (44) (45) (46) (48) (49) (50) whereas some of these cofactors, such as GATA-4 and p65, potentiate transcription of SRF targets by SRF binding only and, like IPMK, do not require direct interaction with the regulatory elements of target genes (47, (51) (52) (53) . However, except for IPMK, all known cofactors of SRF have DNA binding ability and also participate in transcriptional activation of their target genes independent of SRF. Thus, IPMK is a cofactor of SRF that influences the ability of SRF to activate the expression of immediate early genes but lacks any intrinsic DNA binding ability.
Two families of SRF coactivators have been particularly wellcharacterized. One is the ETS-domain-containing ternary complex factor (TCF), which includes Elk-1, SAP-1, and SAP-2/Net (18, 21, 22, 24, 26, 46) . Growth-factor stimulation and mitogenactivated protein kinase signaling lead to the activation of TCFs, resulting in the activation of growth-related genes (26, 54, 55) . IPMK deletion does not influence Elk-1 activity. However, it is conceivable that SRF-Elk-1 multimerization is impacted by IPMK. Such interactions are thought to play a role in SRF-associated transactivation. The myocardin family, another group of SRF coactivators, predominantly influences gene expression in the heart (44, 45, (56) (57) (58) . Indeed, cardiac function is one of the beststudied targets for SRF as embryonic lethality in SRF-deleted mice primarily reflects defects in heart function and vascular circulation (59) . Our findings that IPMK regulates SRF in brain tissue fit well with studies of Ginty and co-workers demonstrating major defects in long-term depression upon SRF inhibition (60) and impaired axonal growth and synaptic plasticity of SRF gene knockout mice (61, 62) . Synaptic plasticity is also determined by CREB. However, SRF deletion selectively influences synaptic plasticity without affecting neuronal viability whereas CREB deletion leads to major neuronal degeneration (62). The transcriptional influences of IPMK add to a surprisingly broad range of other functions, much more than are encountered with most proteins. Thus, IPMK displays two distinct catalytic activities. It is a major inositol phosphate kinase, the key physiologic generator of IP4 and IP5, which are the requisite precursors for the inositol pyrophosphates such as IP7 (1, 2) . Additionally, IPMK is a lipid kinase with physiologic PI3-kinase activity, acting in conjunction with the p85/p110 PI3-kinase to activate the Akt signaling cascade (4, 5) . These two kinase activities of IPMK appear to be reciprocal, suggesting that posttranslational modifications of IPMK mediate transitions of the enzyme between these two functions (4). The present study describes a noncatalytic role of IPMK as a transcriptional coactivator for SRF, analogous to such influences upon p53 (14) and CBP (16) . Similar transcriptional regulatory activities occur in yeast, where IPMK regulates genes involved in arginine and phosphate disposition, actions that also appear to be independent of catalytic activity (63) . However, another noncatalytic action of IPMK is evident in its binding to mTOR to stabilize the mTORC1 complex and enhance protein translation (6).
Materials and Methods
Mice. To generate forebrain-specific IPMK knockout mice, Ipmk fl/fl mice (6) were mated with CaMKIIα-Cre mice (line 93) (64) assay. Samples were chopped into small pieces, fixed in 1% (vol/vol) formaldehyde, quenched with 0.125 M glycine, and homogenized by using a glass homogenizer in cold PBS with protease inhibitor mixtures. Homogenized tissues were centrifuged at 100 × g for 10 min. Steps for immunoprecipitation, elution, and reverse cross-linking were performed by using a ChIP assay kit according to the manufacturer's protocol (Millipore). ChIP primers were as follows: mouse c-fos promoter SRE, 5′-CGTCAATCCCTCCCTCCTTT-3′, 5′-CCGTCTTGGCATACATCTTT-3′; mouse c-fos promoter SP1 binding, 5′-GT-TGAAAGCCTGGGGCGTAG-3′, 5′-GGAGTAGTAGGCGCCTCAGC-3′; human c-fos promoter SRE, 5′-GGATGTCCATATTAGGACATCT-3′, 5′-AGATGTCCTAATATG-GACATCC-3; mouse p21 promoter, 5′-GTGGCTCTGATTGGCTTTCTG-3′, 5′-CT-GAAAACAGGCAGCCCAAG-3′.
Microarray. Microarray experiments were carried out by Macrogen. Total RNA was extracted from serum-stimulated MEFs by using Tri reagent according to the manufacturer's protocol. After processing with DNase digestion and cleanup procedures, RNA samples were quantified, aliquot and stored at −80°C until use. For quality control, RNA purity and integrity were evaluated by denaturing gel electrophoresis, OD 260/280 ratio, and analyzed on an Agilent 2100 Bioanalyzer (Agilent Technologies). Total RNA was amplified and purified using the Ambion Illumina RNA amplification kit (Ambion) to yield biotinylated cRNA according to the manufacturer's instructions. Briefly, 550 ng of total RNA was reverse-transcribed to cDNA using a T7 oligo (dT) primer. Second-strand cDNA was synthesized, in vitro transcribed, and labeled with biotin-NTP. After purification, the cRNA was quantified using the ND-1000 Spectrophotometer (NanoDrop). Seven hundred fifty nanograms of labeled cRNA samples were hybridized to each mouse-6 expression bead array for 16-18 h at 58°C, according to the manufacturer's instructions (MouseWG-6 v2.0 Expression BeadChip; Illumina). Detection of array signal was carried out using Amersham fluorolink streptavidin-Cy3 (GE Healthcare Bio-Sciences) following the bead array manual. Arrays were scanned with an Illumina bead array Reader confocal scanner according to the manufacturer's instructions. The quality of hybridization and overall chip performance were monitored by visual inspection of both internal quality-control checks and the raw scanned data. Raw data were extracted using the software provided by the manufacturer [Illumina GenomeStudio v2011.1 (Gene Expression Module v1.9.0)]. The statistical significance of the expression data was determined using Fold change and LPE (Local Pooled Error) test in which the null hypothesis was that no difference exists between two groups. The false discovery rate was controlled by adjusting P values using the BenjaminiHochberg algorithm. All data analysis and visualization of differentially expressed genes were conducted using R 2.15.1 (www.r-project.org).
Image Quantification and Statistical Analysis. Immunoblot results were quantified by using ImageJ software. Data are presented as means ± SE (qPCR) or ± SD (immunoblot) from at least three independent experiments. Data were analyzed with Student t test.
